RNA polymerase is known to undergo a cycling process during initiation of transcription in vitro in which large amounts of small oligonucleotides are released. We have used this cycling reaction to determine the 5' end of the RNA synthesized from the outer ends of the Tn5 inverted repeats. By analyzing the size of the radiolabeled oligonucleotides synthesized using different labeled nucleoside triphosphates and in reactions deficient for a particular nucleoside triphosphate, the partial 5' sequence was obtained.
INTRODUCTION
Tn5 is a 5700 base pair transposon with 1534 base pair inverted repeats flanking a unique central region encoding resistance to certain aminoglycoside antibiotics, including neomycin and kanamycin (1, 2, 3) . Previous studies have defined five proteins synthesized by the Tn5 element (4, 5) . The smallest of these proteins is the 25K Dalton neomycin phosphotransferase II enzyme which is responsible for conferring antibiotic resistance. While this protein is thought to be coded entirely within the central region of the transposon (3, 5) , the promoter responsible for its synthesis is located within the left inverted repeat (5, 6) . Two proteins differing in approximately 4000 Daltons at their NH2 termini, have been found to be synthesized from each repeat (4, 5) . The proteins from the left repeat are 26 amino acids smaller than those of the right repeat due to an ochre codon located 1442 base pairs from ©) IRL Press Umited, 1 Falconberg Court, London W1V 5FG, U.K.
Nucleic Acids Research the outer end of the left repeat not present in the right repeat (3, 5, 6) . One or both of the proteins from the right repeat, which migrate at approximately 58K and 54K MW on SDS -polyacrylamide gels, are crucial for transposition. Insertions or deletions within the coding sequence for these proteins eliminate the ability of the element to catalyze its own transposition (4, 5) . Evidence for a promoter located at each end of the transposon which could be involved in the synthesis of the repeat proteins was found by Rothstein et al (4) . We decided to further characterize this promoter reasoning that it would give some information as to the synthesis and regulation of the transposase protein(s).
It was found that in vitro transcription of the Tn5 repeat promoter generated a large number of small oligonucleotides (this paper and 7). These oligonucleotides are generated by the cycling of the RNA polymerase which results in the release of small RNA transcripts followed by re-initiation without leaving the DNA template (7, 8, 9 ). This cycling reaction has been studied in some detail for the lacL8UV5 promoter (7, 9) where it has been found that at least ten oligonucleotides are generated per full length product, leading to a rather long half-time for full length transcription (7) . The Tn5 promoter has been shown to cycle at a four-fold higher rate than lac, resulting in a significantly longer half-time for full length transcription (7) . Other promoters, including those in phage X and T7, have also been shown to undergo this cycling reaction when one or more nucleoside triphosphates are absent from the elongation reation. This forced cycling by RNA polymerase has been termed abortive initiation (8, 10) .
MATERIALS AND METHODS
Preparation of template and in vitro transcription. Nucleic Acids Research reaction volume in the buffer described by Majors (13) . After For reactions using y-32P-ATP as the labeled nucleotide, the unlabeled ATP concentration was lowered to 150 PK and 100 pCi of y-32P-ATP (Amersham, >2000 Ci/mM) was added. Unlabeled nucleoside triphosphates were purchased from PL Biochemicals Inc. and were not further purified.
The samples were boiled for 1 minute and electrophoresed in a 15 cm 8% polyacrylamide -7 M urea gel (14) when full length transcripts were to be detected or in a 40 cm 20% polyacrylamide -7 M urea gel (12) to resolve oligonucleotides. The labeled bands were visualized by autoradiography. Ribonuclease Tl digestion. RNAs were eluted from gels by soaking in gel elution buffer (12) plus 10 pg tRNA overnight at 370 followed by filtration through siliconized glass wool and ethanol precipitation. The isolated RNA was digested with 20 units of ribonuclease Tl (Worthington Biochemicals) for 30 minutes at 37°in 89 mM Tris -borate (pH8.3), 3 mM EDTA, 7 M urea.
RESULTS
Filter binding and in vitro transcription studies by Rothstein et al (4) had previously located the approximate position of a promoter at the ends of Tn5 which transcribed in the direction of the central region of the transposon. The EcoRI -Hpa I restriction fragment which contains 185 base pairs of the left end of Tn5 (as well as the analogous Pst I -Hpa I restriction fragment from the right end of Tn5) was filter bound in the presence of RNA polymerase and was found to program the synthesis of RNA. Polyacrylamide gel electrophoresis resolved two RNAs differing in length by about 10 bases which were estimated to originate approximately 100 base pairs from the Hpa I site. The amount of the two RNAs varied with respect to each other depending on the reaction conditions (e. g. template used, Mg 2 concentration, and time of elongation) (4, Johnson, Rothstein, and Reznikoff, unpublished). We now Nucleic Acids Research believe that the shorter RNA is due to pausing or premature termination at the 3' end of the RNA as has been observed for the lac promoter (13) and not the result of two unique start sites. In order to further define the promoter at the ends of Tn5, we determined the exact start site of the mRNA from this region utilizing the abortive initiation reaction of RNA polymerase.
The initiating nucleoside triphosphate was determined by varying the levels of nucleotides in the transcription reaction since the initiating nucleotide is required in high concentration for many promoters (15, 16) . Less than 5% of the standard amount of full length product was obtained when the ATP concentration was 10 pM as compared with the amount of full length product obtained in the standard reaction using 300 pM ATP, indicating that transcription is initiated with AT?. No effect in the amount of full length product was seen when the GTP concentration was lowered to 10 pM. Initiation with ATP was subsequently confirmed by isolating full length product labelled with y-32P-ATP. Figure 1 is an autoradiogram of the products obtained when the RNA is synthesized in the presence of a-32P-UTP or a-32P-CTP and is electrophoresed on a 20% polyacrylamide-7 M urea gel. Large quantities of oligonucleotides, up to 8 nucleotides in length, are found which are generated by the cycling reaction of RNA polymerase at the promoter. The sizes of the products generated from the Tn5 promoter were determined by electrophoresing in parallel the oligonucleotides synthesized from the lac L8UV5 promoter whose sizes have been confirmed by homochromatography (7) . (Since the migration of short RNAs is sequence dependent in these gels, the migration of equivalent size bands is not identical).
The length of the smallest labeled oligonucleotide corresponds to that position in which the radioactive nucleoside triphosphate is first incorporated. Thus, when a-3 P-CTP is used as the labeled nucleotide, the first band present is a trimer (Fig. ld) , and when a-32P-UTP is the labeled nucleotide, the smallest radioactive oligonucleotide is a tetramer (Fig. la) . These results imply that the third nucleotide in the RNA sequence is a C and the fourth nucleotide is a U.
Similar experiments, where particular nucleotides are left out of the reaction, can be performed to further define the RNA sequence. In Fig. lb and e, transcription was performed in the absence of GTP. In these cases neither octamer nor full length product was synthesized. Therefore, GTP must normally be incorporated at the eighth position in the RNA. The fact that a G was not present in the RNA sequence before the eighth position was Nucleic Acids Research isolating the aborted octamer and digesting with ribonuclease T1 (Fig 2b) . No significant digestion by the G specific enzyme was observed.
UTP was absent from the a-P-CTP labeled reaction shown in Fig. lf. This resulted in the synthesis of only the trimer, indicating that the absence of UTP is preventing elongation past the third position. This result confirms a-32P-UTP reactions which indicated a U at the fourth position (see above). Likewise, since CTP was found to be incorporated before UTP (see above), no incorporation of a-P-UTP would be expected if CTP was not present in the reaction. As shown in Fig. lc , only a small amount of products migrating at the fourth and fifth position are synthesized in transcription reactions lacking CTP, possibly due to trace amounts of contaminating CTP in the labeled or unlabeled nucleotides which allows read-through past the first C. Alternatively, the 4-mer and possibly the 5-mer may have arisen from a secondary site since the migration of the 4-mer is not identical with the 4-mer in the other Tn5 lanes.
These experiments predict a partial RNA sequence of pppApXpCpUpXpXpXpG, where X is unknown. Position 2 can be inferred to be an A since the first sites of incorporation of C, U, and G were found to be at 3,4, and 8, respectively. When the DNA sequence of the region as determined by Auerswald and Schaller (3) was scanned, the sequence beginning at 97 base pairs from the left end of Tn5 matched the partial RNA sequence (see Fig. 3 ). No other Tn5 sequence in the DNA template used (positions 1-185) was compatible with this RNA sequence.
An additional experiment was performed to confirm that the RNA sequence as determined by analyzing the products generated by the cycling reaction of RNA polymerase is indicative of full length transcription and not an artifact of the cycling mechanism. y-32P-ATP full length (runoff) RNA was isolated from an 8% polyacrylamide-7 M urea gel after using the EcoRI-Hpa I restriction fragment as template and digested with ribonuclease T . As shown in Fig. 2c the resulting product migrated slightly faster than the aborted octamer but was larger than the aborted heptamer. The faster migration is presumably due to the 3' PO4 present on the T1 generated oligonucleotide as opposed to a 3' OH on the aborted octamer. Thus, the full length RNA contains a G at its eighth position which corresponds to the predicted sequence.
DISCUSSION
In Fig. 3 we present the DNA sequence around the RNA initiation site for Lane c is isolated y-P-ATP labelled full length product synthesized from the EcoRI -Hpa I fragment of Tn5 followed by digestion with ribonuclease T1. One feature of the Tn5 repeat promoters is the striking region of homology with the outer ends of the element located in the -35 region (see Fig. 3 ). The six base pair sequence extending from -36 to -41 matches exactly the outer six base pairs of the Tn5 element. An inverted homologous sequence, containing an eight out of nine base pair match with the outer ends of the element is also present at the inner ends of the inverted repeat segments (Fig. 3) (3, D. Berg, personal communication). Thus, CTG(T)CTCTT is the sequence of both ends of the inverted repeat (IS50 element) which has been shown to be capable of independent transposition (18) . One could speculate that the six base pair homologous sequence in the promoter region might be responsible for mediating transcriptional control of the transposase promoter. The transposase protein synthesized from this promoter is presumably involved in the recognition of the ends of Tn5 or IS50 and thus may also bind in the -35 region of its promoter. (3) . The first in-frame initiating codon present in the RNA occurs at position 137 (+41 on the RNA). This GUG is preceded by a possible ribosome binding site and would generate a protein whose size is consistent with that observed in minicells (4, 5) . In addition, a 4000 Dalton smaller protein is also synthesized from each repeat. The start site of this protein must occur after the Hpa I site (position 185) since fusions made at the Hpa I site leave this protein structurally unaltered (4, 5) . An in-frame AUG preceded by a possible ribosome binding site can be found at position 257 (+161 on the RNA) generating a protein which is 4833 Daltons smaller than the larger protein, consistent with the observed migration on SDS -polyacrylamide gels. The larger of these proteins, possibly together with the smaller protein, as synthesized from the right repeat has been shown to be absolutely required for transposition, and thus presumably the right repeat protein(s) encodes the Tn5 transposase activity (4, 5) . Fig.  4 summarizes our current understanding of the genetic organization of Tn5.
The use of the cycling reaction of RNA polymerase to define the start site of the RNA should may be applicable to other systems where the promoter has been approximately located and the DNA sequence is known. This procedure could be especially useful for weak promoters, where sequencing by more traditional methods is difficult, since the aborted RNAs are synthesized in extremely high amounts, although care must be taken to insure that the oligonucleotides synthesized are promoter specific. Munson and Reznikoff (7) have estimated that RNA polymerase generates at least 10 oligonucleotides per full length transcript at the lac L8UV5 promoter and at least 40 oligonucleotides per full length transcript at the Tn5 promoter. In the case of Tn5, oligonucleotides at 2 and 3 were not quantitated in this study so this number is clearly an underestimation of the number of abortive events. Cech et al (10) have also used the abortive initiation reaction to identify and quantitate the early promoters of phage T7.
